Most polymeric refractive micro-optics simultaneously demand ultra-smooth 3D topographies and precise geometry for high optical performance and low stray light. We have established a surface selective smoothening for thermoplastic polymers that does not affect the designed optical geometry. For example, high curvature corners required for a 50 µm tall optical diffuser device were maintained while the surface roughness was reduced to about 10 nm RMS. 3D master structures were fabricated using direct write laser-lithography with two-photon absorption. Master structures were then replicated into poly(methyl methacrylate) through a poly(dimethyl siloxane) intermediate copying step and subsequently smoothed-out by high-energy photon exposure and thermal post-processing. The smoothening results in a lower roughness compared to a direct writing strategy using even about 50 nm vertical discretization steps still enables 10 times faster writing times.
INTRODUCTION
This work deals with a new method that enables the fabrication of micro-lenses with ultra-smooth, optical grade surfaces. Instead of improving surface roughness by time-consuming and sometime design-specific direct-writing strategies of novel 3D lithographic methods, we chose a post-processing method based on surface selective thermal reflow. We will present a method for modification of polymer surfaces and compare the two strategies post-processing and direct-writing for surface smoothening [1] .
There are novel fabrication schemes including 3D lithography methods such as grayscale lithography and 2-photon polymerization (2PP) lithography that build the lenses out of thin layers. Grayscale approaches are either based on masks with varying transmission grades (grayscale masks) or direct writing methods [2] [3] [4] [5] . While the first one is well established for i-line lithography (365 nm wavelength), higher resolution methods are based on sequential and scanned photon, electron beam or ion beam writing. Direct laser writing (DLW) lithography with a lateral resolution of about 700 nm is well suited for refractive micro-optics, its vertical constraint to resist films below 30 µm limits its use for freeform and complex designs beyond this thickness. This is mainly due to the fact that the entire film is exposed along the beam when using single photon absorption processes. Similarly, the higher resolution grayscale methods based on electron and ion beams are mostly suitable for diffractive optics with film resist thickness below 10 µm for electrons and even thinner for ions [6, 7] . A true 3D capable method such as 2PP-DLW allows for full freeform designs without restrictions on the size of the micro-optics [8] . Exemplary realized designs are micro-prisms [9] , single-tier micro-lenses [10, 11] and multitier lenses [12] . As mentioned above, the typical limitation of 2PP is the writing time and thus writing area and height. This not only because of the high resolution of the beam in lateral direction, but also the additional confinement of the polymerizing laser beam in vertical direction, which makes fully 3D structures possible but also requires extensive layering for more bulky structures. The laser beam focus (a spheroid called voxel), is scanned through a viscous material and polymerizes the material on its track, which means that the structure is built from trajectories which are assembled like woodpiles. *helmut.schift@psi.ch; phone +41 56 310 2839; fax +41 56 310 2646; www.psi.ch/lmn
CONSIDERING ROUGHNESS IN MICRO-OPTICS

Roughness of micro-optical lenses
Good imaging optics require an overall surface roughness about 1/100 th of the wavelength used, which results in low stray light, high resolution and good imaging contrast. For visible wavelengths (400 -780 nm), this would be a roughness R q (geometric average or root mean square roughness RMS) of below 4-8 nm. The same applies for refractive micro-optical elements, with diameters from a few micrometers up to a few millimeters. They are nowadays used in different applications, e.g., as imaging element on miniaturized optics such as for a camera, optical sensors, diffusors (e.g., for flashes) or for movement tracking (in smartphones, computers, computer game consoles, and surveillance sensors). Since these components are highly integrated and have a small footprint, they have to be fabricated by novel 3D lithographic methods [2, 3, 8] . Furthermore they are typically replicated by plastic molding techniques in large quantities such as by hot embossing, thermal injection molding, casting or UV-assisted methods. Typical industrial relevant thermoplastic polymers, are commodity plastics such as poly(carbonate) (PC), poly(methyl methacrylate) (PMMA) or other thermoplastic polymers with appropriate thermo-mechanical, optical and/or chemical properties. While glass polishing for macroscopic lenses easily achieves roughness of below 2 nm, replicated lenses require already molds with the same surface roughness as the final product.
The milling methods typically employed for the patterning of metal molds are often well above this roughness value, but can be improved to meet these requirements. Although, according to Ref. [13] , single point diamond turned surfaces (e.g., in brass) can achieve R q of 5 nm and sometimes even down to 3 nm, this is far from being standard. The Society for the Plastics Industry (SPI) has a range of specifications for the finish of molds for plastic, and A-1 is the smoothest. It calls for R a (arithmetic average roughness) between 0.5 and 1.0 micro-inch (12.5 -25.0 nm). Given that the measure is R a (about 0.7⋅R q ) and the surface could be as rough as 25 nm (35 nm R q ), and considering the 1/100 th rule mentioned above, this is a very loose tolerance for optical surfaces, and normally this cannot be accepted. An empirical expression relating reflection efficiency of a conductive mirror with roughness and wavelength was derived to be [14] :
(1) or, for inclined incidence with angle α : ( 2 ) where R s is the specular reflectance of the surface and R 0 the specular reflectance of an ideal surface with no roughness and very high conductivity. This relation imposes very strong restrictions on the roughness.
Because many replication methods can achieve faithful replication of sub-10 nm surface topographies, a fabrication method for a structure intended as a mold for replication would need the first original to be as smooth as possible. However, very often the pattern methods entail a trade-off between processing time and the resolution to be achieved. With current 3D lithographic methods, direct fabrication of the required ultra-smooth surfaces can lead to substantial increase of writing times which are not supportable for many large area applications. In this publication we present ways to reduce roughness in micro-optical elements. The application area will be micro-optics, but the process is general enough that it can be adapted to other micro-or even macro-elements which need surface finish within the range described above.
Layering versus post-processing for roughness reduction
There are three main possibilities to minimize the roughness in 2PP ( Figure 1 ): (a) voxel-based methods such as increasing the voxel overlap by having a fine vertical/horizontal discretization or reducing the voxel size by varying the polymerization threshold/dose, (b) writing strategies such as varying the vertical discretization based on the curvature of the feature to be written or writing curved out-of-plane instead of flat in-plane trajectories, (c) post processing methods such as the one described in this work. Increasing the overlap reduces the roughness to some extent [15] , but resist tends toward micro-explosions for a higher overlap due to the dielectric breakdown of the polymerized material [16] . Reducing the voxel size has only small process latitude. With variable vertical discretization, roughness can be reduced [17] , but one needs to dynamically tune the dose to avoid micro-explosions. Out-of-plane trajectories can give some improvements [18] but this is essentially shifting the roughness problem from 'z' axis to 'x or y' axis. Furthermore, high resolution features and high aspect ratio structures, will suffer the most from writing strategy approaches that will remain reserved for special geometries [12] . We believe a universal post processing is the appropriate strategy for attaining a super smooth surface while having limited change in the surface profile alongside acceptable writing times. While piezo drives of current 2PP-DLW systems allow for the scanning of trajectories in all directions, fast writing is often achieved when the in-plane scanning mechanism in lateral direction is done via fast galvanic scanners. This allows layer-by-layer writing for which particularly the layering in vertical direction becomes the time-limiting factor of the final 3D design. The high resolution focal spot size between about 200 nm in lateral and 600 nm in vertical direction gives depending on the layer-to-layer increment as well as the in-plane rastering a certain surface roughness in the range of focal spot size. In general, a finer rastering and design discretization allows for a smoother surface while it directly impacts the total writing effort and time. E.g., the writing time would scale linearly in each direction, and thus an increase of overlap from zero to 50% of adjacent layers in only one direction would increase the exposure time by a factor of 1.5, and an overlap of 90% would multiply it by a factor of 11.
Instead of the increase of overlap, we chose a post-processing method which allows writing the micro-optical lenses with high speed, but large increments, and added a surface smoothening ("polishing") process after the writing (Figure 2 ). Since the process needs to be based on non-contact and should not involve a coating step, it requires a surface selective modification of the polymer in a depth which is comparable to the surface roughness we want to smoothen out. Such surface selective modification is possible by exposure of the polymer with intense radiation or high energy beams of electrons and ions (see Figure 2) . Similarly to the process established for grayscale electron beam lithography structures, the thermally activated selective topography equilibration (TASTE) process, we established a reduction of the molecular weight of the polymer and thus the glass transition temperature with a high degree of localized vertical confinement [19] .
The available methods do not only differ in penetration depth, but due to their ways of interaction with the polymer surface also in surface ablation. For the purpose of surface smoothening, vacuum UV-light (VUV) with 172 nm wavelength provided the best capabilities. It can be operated in ambient, and large area lamps enabling homogeneous irradiation are available. More details will be presented in future publications [20] . Ambient conditions Figure 2 . Different process possibilities for generating surface sensitive damage which can be used for thermally activated selective topography equilibration (TASTE): Exposure with low energy e-beam, 172 nm wavelength VUV and 13.5 nm wavelength EUV are known to enable permanent modification in a skin layer of less than 500 nm only, with low ablation and roughening in contrast to plasma treatment. VUV is available in commercial tools for large area exposure in ambient.
PROCESS ROUTE FOR GENERATION OF REPLICATED MICRO-LENSES
Since the TASTE process is best explored with linear thermoplastic polymers such as PMMA, but did not yet show good results with negative resists, we chose two replication steps which allowed transferring the lenses from the crosslinked proprietary material optimized for 2PP-DLW (IpDip and IpS from NanoScribe GmbH) to PMMA ( Figure 3 ). For this the lens structures were written with the Nanoscribe Photonic GT in IpDip with moderate scan speeds provided by the galvanic scanner (20 mm/sec) and low pulse intensity (around 1 nJ), and using 500 nm slicing distance between adjacent vertical layers. This resulted in an in-plane roughness of about 20 nm RMS and respective steps due to the coarse discretization. For comparison, the same structures were exposed in IpS, a resist optimized for higher throughput and lower surface roughness, with different slicing distances. The process chain for the upscaling of lens fabrication involves a further copying of lens structures by molding techniques. We chose a method of bulk filling instead of writing a scaffold with reduced overlap, resulting in hollow structures which would be more prone to collapse and excessive shrinkage.
The voxel size using a 63x NA 1.4 microscope objective for the IpDip is typically about 200×200×600 nm 3 while for the IpS it is enlarged to 300×300×900 nm 3 and for the 25x NA 0.8 objective we anticipate a voxel size of about 700×700×2100 nm 3 , including the blurring due to the chemical nature of the resist. Thus the overlap of first IpDip structure is about 100 (17%) for the 63x objective while the overlap for the IpS was varied from 1600 nm (76%, 500 nm slicing distance) to 2050 nm (98%, 50 nm slicing distance). The writing time for a 3×3 microlens array (MLA) was about 5 min for 500 nm slicing and 50 min for 50 nm slicing. This translates into a writing time for a MLA device with about 2.4 mm diameter of about 48 h or 470 h, respectively.
For structures used for surface smoothening by post-processing, the IpDip original was first copied into a UV-curing PDMS (micro resist technology GmbH), as alternative to OrmoStamp (micro resist technology GmbH), which is flexible
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Replication into desired material but at the same time hard enough that both the structures and the roughness can be replicated without loss, and then by thermal imprint into PMMA120k (micro resist technology GmbH). More details on the replication process can be found in Refs. [10, [21] [22] [23] [24] .
The PMMA patterns were exposed for 30 s with a VUV intensity of about 16.3 mW/cm 2 at 172 nm wavelength in a flood exposure tool (EX-mini, Hamamatsu Corp.). After exposure, the lenses were annealed in a top-heater setup at a temperature of 140°C for 15 min. This setup allows for generating a temperature gradient from the top of the lenses towards the base which additionally supports the concept of surface limited softening. After reflow, the samples were immediately cooled to room temperature, coated with 5-10 nm chromium and inspected in scanning electron microscopy (SEM, Zeiss Supra 55 VP, Zeiss Microscopy). Figure 3 . Principal process routes for replication of micro-lenses, fabricated by two-photon direct write laser-lithography (2PP-DLW) in negative tone resist (IpDip). Only the copying into a thermoplastic material enables the use of the TASTE process in a post-exposure thermal reflow. The optical elements with smoothened surface can then be used for further upscaling into a working tool by step&repeat imprint. Red frames indicate the initial and the reflowed lens.
RESULTS AND COMPARISON OF METHODS
The IpDip master pattern was faithfully replicated into PMMA including the step-to-step roughness due to the writing trajectories used for model discretization (Figure 4) . The PMMA replication resulted in a relatively thick residual layer which supported together with the flexible PDMS mold a defect free release of the microstructures, the high-aspect ratio features as well as the nanotexture on the lens surface. As found in a previous study [10] , the PDMS allowed for a very broad process window (0.5 -5 MPa imprint pressure, 140 -220°C imprint temperature, 1 s -180 min pressure holding time) which makes the replication process very appealing as an industrial process. Figure 5 displays SEM micrographs of a 3×3 microlens array manufactured by 2PP-DLW displaying the effect of variation of voxel size, writing strategy and post-processing on surface roughness. We choose the 63x objective lens for the IpDip resist which was optimized for highest resolution, but also exhibits the most prominent roughness due to the small voxel size. For comparison, the 25x lens was used for IpDip, too. The slicing was kept constant, although the use of IpS in conjunction with the 25x lens would enable a larger slicing. Therefore, and since we choose a small writing scan field (150×150 µm 2 ), the larger scanning field of the 25x lens in comparison to the 63x lens did not lead to high throughput. All lenses (Figures 5 a-c) were written with 34 s writing time per single lens or about 5 min for the 3×3 MLA. The comparison shows that an increased voxel overlap reduces the roughness significantly (Figure 5a vs. 5b) . The resist blurring due to the changed resist is also clearly visible in the central part of the lens (Figure 5b vs. 5c).
Further improvements in the surface roughness can be achieved by reduction of the slicing distance. First, we show the reduction from 500 nm to 300 nm, for which still some details of layering could be seen in the deep sags of the concave lenses (Figure 5c vs. 5d). Finally, for 50 nm slicing almost no roughness could be seen in the SEM micrograph from layering but some material intrinsic and granular surface roughness remains (Figure 5e ). However, the micrograph displaying the lens which was obtained using smoothening by selective thermal reflow is even less rough and shows a superior surface finish (Figure 5f ). Although roughness values were not quantitatively analyzed using scanning force microcopy on the microlenses, both values displayed in Figure 5e and Figure 5f are well below 10 nm. This goes along with the results by other researchers in Ref. [12] , where 10 nm roughness was obtained with 150 nm slicing with IpS in the solid writing mode. However, the writing time of the structure in IpS with 50 nm slicing is 10 times or one order of magnitude larger than that of the original structure in IpDip. Such differences in writing times will result in huge processing times, e.g., if lens arrays with a few millimeters of diameter need to be exposed. As an example, for a lens structure with 2.4 mm diameter, consisting of about 1'800 lenses with 50×50 µm 2 footprint each, the exposure time is already 48 hours, even for the 500 nm slicing, including significant overhead times C) 50 µm y 63x, IpDip, slicing 500 nm 25x, IpDip, slicing 500 nm 25x, IpS, slicing 500 nm 25x, IpS, slicing 300 nm 25x, IpS, slicing 50 nm 63x, IpDip, slicing 500 nm, reflow Small differences, e.g., the tip at the intersection of the 4 lenses and the right slope of the surface smoothened structure in Figure 5f indicate some minor issues. Although the structures are in principle prone to collapse, this was not observed for the surface smoothening. For the concave structures with highly varying slopes shown here, the surface smoothening seems to work over steps of up to 400-500 nm, from the lens bottom with the shallow ring sections up to the sharp tips with the <1 µm radius. One can argue that roughness reduction by surface reflow is physically different from the writing with enlarged blurred voxel. In comparison to the enhanced overlapping of voxels, which leads to a merging of cylinderlike trajectories into a continuous surface, it is based on material displacement from elevated areas into small depressions, and thus is a true equilibration process which minimizes the energy [23, 24] . However, one should not forget that the damage of the PMMA during exposure results in a surface skin with low molecular weight, which has to be taken into account for further process steps involving temperature treatment or aggressive solvents.
CONCLUSION
The aim of this publication was to demonstrate the efforts necessary to achieve similar surface roughness by reducing the slicing distance as with smoothening by post-processing. While the reduction of the slicing distance, including strategies to write structural shells with smaller increment than the inner part or even a scaffolding of the lens is the way to go if high throughput structures with resolution elements have to be directly written, the post-processing is a way to achieve surface roughness from structures which were optimized for speed and not surface roughness during origination with 2PP-DLW. Due to the lack of availability of production machines for 2PP-DLW (apart from the newer developments presented by Multiphoton Optics GmbH), throughput will remain an issue for the fabrication of extended arrays of lenses. Scaling larger arrays and higher structures will critically enhance the writing time and the post-processing will remain in this area as a valuable and flexible method to obtain smooth surfaces Since in the future there will be both a need for original structures and such being used as originals for replication, different strategies need to be developed. The NIL process chain with its main elements origination, replication and pattern transfer (functionalization), is a good example to demonstrate this capability [25, 26] .
While the process is here related to surface roughness leading to structural defects, diffraction and scattering, the aim is to show how lithography and the locally selective modification of material properties cannot only enhance the surface quality of micro-optical elements, but eventually speed up the manufacturing to allow the manufacturing of lens arrays within times acceptable for today's 2PP-DWL tools. The trade-off is that two additional replication steps are needed. Once new materials are found which allow both 2PP-DWL and post-processing, this will be greatly facilitated.
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